Abstract. Theoretical and practical knowledge of sperm function is an essential requirement in almost every aspect of modern reproductive technology, if the overarching objective is the eventual production of live offspring. Artificial insemination (AI) techniques depend on the availability of high quality semen, whether fresh, diluted and stored, or frozen. Assessing such semen for quality and the likelihood of fertility is therefore also important, as much time, resources and effort can easily be wasted by using poor samples. Some semen technologies are aimed not at quality assessment, but at attempting to skew the breeding outcomes. Sex preselection by separating the male-and female-bearing spermatozoa using flow cytometry is now practised routinely in the agricultural industry, but speculatively it may eventually be possible to use other genetic markers besides the sex chromosomes. A moment's reflection shows that although sex-biasing flow cytometry technology is well developed and generally fulfils its purpose if presorting of sperm quality is adequate, other technologies aimed specifically at semen assessment are also sophisticated but provide inadequate data that say little about fertility. This is especially true of instrumentation for objective sperm motility assessment. Here we aim to examine this technological paradox and suggest that although the sperm assessment equipment might be sophisticated, the shortcomings probably lie largely with inappropriate objectives and data interpretation. We also aim to review the potential value and use of sperm sexing technology for non-domestic species, arguing in this case that the limitations also lie less with the technology itself than with the applications envisaged. Finally, the potential application of a sorting method directed at motility rather than sperm DNA content is discussed.
A major problem for semen assessment technology is that the objectives are often poorly defined. Sometimes the objective is to predict 'fertility'; this makes the problem complex and almost unattainable. Nevertheless, the use of technologies in veterinary and human clinical andrology laboratories often has this underlying objective, where medical practitioners wish to refer patients for suitable infertility treatment and commercial AI centres aim to discriminate fertile and subfertile animals. If semen assessment technologies are used more specifically to examine research questions, they may still fail to provide useful answers. This is especially true in the field of computer-assisted sperm analysis (CASA), which was first developed about two decades ago, but in the authors' opinion is still widely misused and reported incorrectly. Recent developments in CASA data analysis have shown that the technology is, in fact, able to provide powerful insights into sperm function and semen heterogeneity.
Advantages
Systematic and quantitative sperm motility assessment techniques were introduced by Emmens (1947) , Harvey (1953) and others, who distinguished between the proportion of moving spermatozoa and their vigour. Vigour was expressed using a simple scoring system (0-5), where 5 represented the highest motility score; significantly, this approach recognised the existence of sperm heterogeneity in individual samples while also providing input data for parametric statistical analyses. Although this system was based around subjective judgements, it nevertheless provided an immensely powerful experimental tool for sperm physiologists. Elaborations of the general method aimed at further reducing subjectivity included randomisation, replication of treatments, blind trials, and sophisticated statistical approaches that aimed to detect random error and improve statistical power. Many major advances in the design of semen extenders, the development of freezing techniques and the understanding of ram, bull and sperm biochemistry were made using these techniques (for general review, see Mann 1964) . This general approach is still valid for research with species that produce large numbers of spermatozoa in their ejaculates, but large, randomised multi-treatment experiments are usually not possible with wild species, where both sperm numbers and access to individuals are usually both limited. In such cases it is more satisfactory to use direct quantitation of sperm motion parameters; this is exactly what is available though the use of CASA.
Time lapse and multiple exposure photography were the forerunners of sperm motility analysis by CASA. These techniques involved recording the movement of live spermatozoa on microscope slides by opening the shutter for a fixed period (typically 1 s) so that cell movements produced continuous tracks on the exposed film. Although this approach was time and labour intensive, it allowed sperm tracks to be measured by hand in considerable detail from the resultant photographic prints. It was soon realised that several movement parameters were potentially available for study, including the degree of lateral head displacement as well as various measures of velocity. Aitken and his colleagues (Aitken et al. 1982a (Aitken et al. , 1982b (Aitken et al. , 1982c used this technique to determine the usefulness of these parameters for human semen evaluation and demonstrated that significant information was to be found in the histograms of sperm subpopulation structure. The proportion of spermatozoa whose velocity exceeded a particular threshold (25 µm s −1 ) turned out to be a useful correlate of in vivo human male fertility. Moreover, because these studies coincided with the introduction of the zona-free hamster egg penetration assay (Aitken 1985) , the results of this test were also correlated with sperm subpopulation velocity characteristics. A computer-assisted manual system (Holt et al. 1985) , which reduced the labour intensive burden of measuring sperm tracks from photographic prints, also allowed the acquisition of individual track data (roughly equivalent to average path velocity) and permitted frequency analysis of sperm populations. When this system was used to measure sperm velocity in >100 men attending an infertility clinic, the results confirmed Aitken's earlier data in that significant differences in sperm subpopulation structure (the percentage of spermatozoa swimming faster than 20 µm s −1 ) were indicative of zona-free hamster egg penetration test results.
Although these early datasets indicated that the value of sperm motion analysis data was to be found in the population frequency analyses, this was largely overlooked once computer technology became more advanced. Although different systems were developed and marketed by several manufacturers, their equipment expressed the motion data in broadly similar ways, usually as mean values with associated standard deviations and standard errors. Paradoxically this had two undesirable effects; it meant that users were able to screen many samples quickly and easily, thus generating considerable amounts of data, but because the data was so severely summarised its biological meaning was no longer readily available for detailed and appropriate interpretation. Unfortunately this has led to widespread disillusionment about the value of CASA systems, not only for fertility evaluation but also for experimental use.
Considerable effort was invested by user groups and professional societies to ensure consistent technical standards and working methods between laboratories (Mortimer et al. 1995; ESHRE 1996) . However, data interpretation and handling was typically left to academic specialists and was mostly ignored by practitioners.
Although recognising that several automated CASA systems have been available since the late 1980s, the lack of data transparency and the evident difficulty of downloading raw datasets from these systems, despite assurances to the contrary, led to the collaborative development of an alternative CASA system (the Hobson sperm tracker (HST); Hobson Vision Systems, Sheffield, UK), which permitted easy retrieval of this data into standard statistical software. This system has been used for more than 10 years at the Institute of Zoology (London) to study sperm characteristics from a wide range of species, paying close attention to the significance of sperm subpopulations in relation to the research questions of interest. This review is therefore based largely around our own experience with data handling and interpretation.
Basic approaches to computer-assisted sperm motility assessment
The basic principle behind most microscopy-based CASA systems is that a series of successive images of motile spermatozoa within a static field of view is acquired. Most systems use standard video image acquisition rates (frames s −1 ; Hz), typically 25, 30, 50 or 60 Hz. Computer software algorithms then scan these image sequences to identify individual spermatozoa (typically by sperm heads rather than tails) and trace their progression across the field of view. This involves recognising the same cell in each image by its position, and inferring its next position by estimating the likelihood that it will only have moved a certain maximum distance between frames. Systems that store the captured images, analysing them in a later step, typically acquire ∼30-60 images over a 1-2-s period, although some of the older systems were limited to a maximum of 16 images. The HST processes images continuously as they are acquired and thus there is no technical limit to the number of track points that can be analysed. In practice, spermatozoa usually move out of the field of view within 3-5 s (depending on the microscope settings), but even with this limitation it is routinely possible to generate tracks containing 150-250 sequential head positions. For the detailed study of individual sperm tracks it is also possible to use a low power objective (×4) and record tracks with several thousand sequential head coordinates.
Complications: interpretation of sperm motility results
The motion parameters typically derived using automated CASA systems provide information about the velocity, linearity and lateral displacement of sperm heads as they progress along their trajectories. These parameters have been described many times previously (see, for example, Katz and Davis 1987; Mortimer et al. 1988; Davis and Katz 1989 , 1992 , 1993a , 1993b Kay and Robertson 1998) and we therefore present only a simple set of definitions in Table 1 . Some authors have derived secondary measurements by combining two of the primary parameters (e.g. dance mean = amplitude of lateral head displacement × 100/linearity of track %; Kay and Robertson 1998), especially when attempting to discriminate hyperactivated spermatozoa from others in the population. Although it is common practice to use the mean and standard errors provided by CASA systems as the main inputs to further analyses, the most cursory examination of a typical set of sperm motility data reveals that this is not an appropriate approach. More importantly there is almost certainly a great deal of information that is ignored when means are derived. This is exemplified by some of our own data. Figure 1a shows a histogram of straight line velocity (VSL) measurements derived from 194 epididymal spermatozoa from a common marmoset (Callithrix jacchus). These spermatozoa were suspended in in vitro fertilisation (IVF) media upon release from the epididymis and examined at 39 • C; the mean and standard error of this sperm population were 34.5 ± 3.02 µm s −1 . The histogram clearly does not conform to a statistically normal distribution, immediately implying that parametric statistics are not appropriate methods for analysis. The histogram is nevertheless very interesting: a sizeable sperm subpopulation (∼50%) is very slow moving, with VSL values below 20 µm s −1 , whereas most of the other 50% exhibit more rapid movement in the range 30-100 µm s −1 . There is a small but significant population (∼5%) of spermatozoa that are remarkably fast moving (up to 200 µm s −1 ). It is clear that the mean value offers no insight whatever into the true structure of this population and is therefore highly misleading.
The examination of sperm samples from eight more marmosets revealed that the population structure shown in Fig. 1a is typical and that each of them exhibited the small population of very rapidly moving spermatozoa. The significance of this rapidly moving cohort is unclear at present; however, several hypotheses could be advanced. One possibility is that these are the spermatozoa most likely to reach and colonise the oviduct, forming a sperm reservoir. From this reservoir the spermatozoa are released to go forward and fertilise the oocytes. In situations involving sperm competition, where ejaculates from several males enter the female reproductive tract in quick succession (for reviews, see Keller and Reeve 1995; Dziuk 1996; Gomendio et al. 1998) , the existence of such a highly motile subpopulation should confer a fertility advantage over competitors. If this is true, then we should perhaps revise our view of data analysis, taking account of maximum straight line velocity (VSL max ) as a valuable parameter in its own right. This parameter was in fact investigated by Gomendio and Roldan (1991) in a study of sperm competition mechanisms in primates and rodents, but their interest was focused mainly on relationships with sperm length; to our knowledge there has been no attempt to relate the existence of this high velocity cohort to fertility.
To take this analysis a step further, however, we have investigated the general relationship between mean VSL and VSL max in seven species for which we have detailed data from multiple individuals ( Fig. 1b ; more detailed data are shown in Table 2 ). It is apparent that there is no simple linear relationship between the mean VSL value and the maximum possible value; however, the discrepancy between mean and maximum is typically large, sometimes being as much as 3-4 fold. The opossum data stand out as being quite different, in that the mean and maximum VSL are quite close; whether this difference arises because the spermatozoa of this species swim in conjoined pairs or because this is the only marsupial in the table will be interesting to test. Achieving a greater understanding of this graph will require accurate correlative data on mating strategies derived from field studies of natural behaviour; however, it seems probable that species engaging in higher levels of sperm competition would be the most likely to possess cohorts of highest velocity spermatozoa.
The use of CASA techniques in experimental research often involves the detection of treatment effects within a single species, although it may also involve the study of 'between-animal' differences, as would be the case in studies of sperm competition mechanisms. However, here again the use of simple mean and standard errors is misleading, and may indeed hide the experimental responses of interest. There is therefore a strong case for seeking and using alternative ways of analysing the data provided by CASA systems. To illustrate this we again use some of our own data derived from a simple experiment carried out with porcine spermatozoa. The objective of the experiment was to test the hypothesis that a simple 'swim-up' procedure is an effective way of obtaining a population enriched with rapidly motile spermatozoa. The experiment was carried out with semen from three different boars (replicates); the semen was obtained from a commercial AI centre, centrifuged to produce an unselected sperm population, then either resuspended in Tyrode's physiological medium containing bicarbonate and pyruvate (Holt and Harrison 2002) to activate sperm motility, or overlaid with the same medium to allow collection of a highly motile fraction by the swim-up procedure. A total of 1165 spermatozoa were then measured using the HST. Table 2 ). The spermatozoa were collected opportunistically and video recorded while suspended in saline-based media containing bicarbonate and pyruvate to promote maximal stimulation. The two parameters are not significantly correlated (r = 0.54; P > 0.05).
treatments is apparent if individual sperm data values are used as the units of measurement (F 1,1159 = 11.5; P < 0.001). Moreover, the s.e.m. values are ∼1.0 if this approach is used, thus implying a considerable degree of confidence in the precision of the data. Examination of the figure reveals, however, that the overall difference in mean VSL between treatments is extremely small (∼1 µm s −1 ), and is therefore almost meaningless. Examination of the replicate × treatment means showed wide variation between boars (swim-up values were 12.45, 13.1 and 33.1 µm s −1 v. the control values 13.9, 12.8 and 14.65 µm s −1 , respectively). Furthermore, if all data points are compared in the form of histograms (Fig. 2b ) it is very difficult to detect any effect of the swim-up treatment.
Despite these contradictory and unsatisfactory results it is still possible to detect a genuine effect of the swim-up treatment by examining two of the CASA parameters simultaneously. Fig. 2c presents two-dimensional plots of average path velocity (VAP) v. linearity, in which individual spermatozoa appear as single dots. Although the majority of spermatozoa are situated in the lower left quadrant of the graphs, and therefore represent slow moving and non-linear cells, some of these dots are shifted towards the top right quadrant (fast and linear spermatozoa). If arbitrary thresholds are imposed on the graphs (linearity > 30% and VAP > 60 µm s −1 ) then the most rapid and progressive spermatozoa can easily be identified as being within the boxes representing the thresholds. Indeed, using this approach, the swim-up treatment can be seen to have actually resulted in enrichment of progressive spermatozoa (6.1% of the total population v. only 2.1% in the control treatment).
This graphical, two-dimensional treatment is therefore more sensitive and informative than the simple use of means and standard errors. However, it does not immediately provide an objective method of determining the most appropriate threshold values. Fortunately there are well-defined cluster analysis techniques for using two or more of the motility descriptors and defining sperm subpopulation structures (Abaigar et al. 1999; Roca et al. 2006) . We have made extensive use of a particular computer program known as PATN (Belbin 1993 ) that has the capacity to process many thousands of individual data items; this is important because although many standard statistical software packages include modules for cluster analysis, these are often unable to process the large datasets generated when multiple data files are merged for analysis. Once the sperm subpopulations have been defined for a particular experiment, each sample can be reanalysed to determine the relative proportions of subpopulations present. This leads to the simplification of data structures whereby each spermatozoon is classified as belonging to one of several subgroups, typically three or four, representing different types of movement activity. The PATN software explicitly suggests the number of subgroups present in the data, although the user retains the option to override the recommendation. Every individual cell within the dataset is then re-expressed in terms of these subgroups, and the respective proportions of the subgroups are then analysed using hypothesis testing methods such as analysis of variance and Chi-square tests. Others, especially groups based in Spain, have developed alternative but similar multivariate techniques for analysing subpopulation structures in semen samples (Quintero-Moreno et al. 2003 Martinez-Pastor et al. 2005; Pena et al. 2005; Martinez et al. 2006; Nunez-Martinez et al. 2006) .
Unfortunately, even though the analysis of sperm subpopulations is undoubtedly a powerful approach, most commercial CASA systems still do not provide the requisite data for this type of analysis. Examination of the recent CASA literature underlines the persistent inadequacy of statistical analyses presented in support of various hypotheses. For example, Maligaya et al. (2006) claimed that human sex ratio skew could be explained by very small differences in VAP, with the higher values resulting in male offspring (36 ± 0.7 v. 34 ± 0.7 µm s −1 ). Such small differences are unlikely to be real. Similar principles apply when attempts are made to use CASA for the prediction of fertility. Lavara et al. (2005) used CASA methods to examine correlations between sperm motility and in vivo fertility in rabbits.
Although there was some evidence that the percentage of motile spermatozoa and the overall linearity measure were significantly correlated with kindling rate (P < 0.05), the correlations were very weak, explaining only ∼9% of the variance. Although this figure is consistent with other studies of sperm motility and fertility, there is an excellent chance that much more of the variance could be explained if a different approach to data analysis had been undertaken. Our overall conclusion is that the pessimism and disillusion about the predictive value of objectively measured sperm motility characteristics is not truly justified. There is still considerable potential for improving our understanding of the relationships between sperm motility and fertility, but this will not happen unless practitioners become more familiar with the powerful data analysis methods currently being developed and less reliant on the obvious, but ineffective, use of mean values produced by typical semen analysers. There is also considerable scope for the use of CASA systems in other areas, especially in experimental research on sperm signal transduction systems (Satake et al. 2006) and in studies of sperm competition mechanisms.
Sex selection by sperm sorting
A major goal of artificial breeding techniques for conservation and captive breeding is the production of genetically valuable offspring within the context of planned management strategies. Unfortunately, for most wild species the success of relatively simple technologies such as AI is still low, largely because of difficulties in detecting the correct time for doing inseminations or because of inadequate semen quality. Nevertheless, within captive breeding programmes there is usually a preference for the production of female offspring because these will be most useful for long-term management of a breeding population. Further, for species having female-dominated social groups (e.g. gorillas) and only transient female-male interactions typically at breeding (e.g. elephants and some dolphin species), captive management of socially cohesive groups is better carried out when animals are housed in groups mimicking those sex ratios occurring in the wild. This ideal situation is rarely achieved because, in theory at least, natural matings should lead to the production of equivalent numbers of males and females. The males are then often surplus to requirements and can present social behaviour issues due to inappropriate levels of male-male competition and aggression. Compounding the situation are transitory, naturally occurring sex ratio skews towards males in some species (see, for example, Roth 2006) . Although the numbers of males and females born typically become equal in the longer term, short-term sex ratio biases can be detrimental to breeding programmes of threatened species, particularly those that reproduce slowly. The possible use of sex ratio skewing methods to reduce the number of male offspring is therefore attractive to alleviate space limitations and social behaviour issues that often occur with multiple adult breeding males, and for replenishing small populations at a faster rate.
Current status of knowledge
Technology for sex ratio skewing based on separation of spermatozoa bearing either the X-or Y-chromosome, first developed in rabbits (Johnson et al. 1989) , is now well established for domestic species (see recent reviews by Johnson 2000; Maxwell et al. 2004; Johnson et al. 2005; Garner 2006 ). The technique relies on labelling sperm DNA with a fluorescent dye (Hoechst 33342) and detecting the slightly larger amount of fluorescence of Xbearing cells, using a flow cytometer. Most domestic species studied have an X-Y DNA content difference between 3.6 and 4.2% (Johnson and Welch 1999) but this range widens when wild species such as gorilla (2.7%) and giraffe (4.4%) are included (O'Brien et al. 2003) . The development of high-speed flow cytometers (MoFlo SX' Dako, Fort Collins, CO, USA) and improved cell orientation systems (Johnson and Welch 1999; Seidel and Garner 2002) has led to vast increases in the efficiency of sorting and sorted sperm quality. For cattle where the technology has been commercialised, ∼15 million spermatozoa of each sex, corresponding to seven to eight frozen insemination doses, can be produced during an hour of sorting using a single MoFlo SX. However, for species requiring many millions of spermatozoa per insemination, such as pigs, modern sorting rates are still slow in terms of the commercial production of sufficient spermatozoa for insemination. Speed of sorting is highly operator and instrument dependent, and is also influenced by the difference in DNA content between X-and Y-spermatozoa (largely species and breed effects) and the proportions of viable and correctly oriented spermatozoa during passage through the flow cytometer (largely species and male effects). Sperm losses during sorting and cryopreservation processes, which can reach 30% depending on the species, also need to be considered.
Despite these limitations the technology for sorting spermatozoa has been developed in a small number of wild species; these include the non-human primates gorilla, chimpanzee, baboon and marmoset (O'Brien et al. 2003 (O'Brien et al. , 2005a (O'Brien et al. , 2005b , and farmed elk (Schenk and De Grofft 2003) . Most notably, the first presexed non-domestic species, the bottlenose dolphin, was born after insemination of sorted frozen-thawed spermatozoa derived from liquid-stored semen (O'Brien and Robeck 2006) at SeaWorld California, and the technology has been integrated into the institution's multi-site reproductive and genetic management programme for this species (Robeck and O'Brien 2005) . It is salient to note that resources and infrastructure to ensure successful integration of sperm sexing and AI technology to species management are required at many levels including personnel, facility, equipment and on-going laboratory costs for operating and maintaining sex-sorting equipment. In addition, the technology is licenced exclusively for non-human mammals to XY Inc. (Fort Collins, CO, USA) so research or commercial agreements are required.
Development of sperm sorting technology is species specific with efficiency of the overall process highly dependent on the ability of spermatozoa to withstand a suite of stressors including dilution, high pressure, centrifugation, cryopreservation and thawing. A detrimental effect of sorting on subsequent fertility has been reported in cattle (10-40% decrease; Seidel et al. 1999; Schenk et al. 2006 ), but such results were confounded by insemination of lower numbers of sorted spermatozoa compared to their non-sorted counterparts. In sheep trials using frozen-thawed spermatozoa, the fertility of sorted and nonsorted groups were similar, even when sorted insemination doses were only 2% of the non-sorted dose (de Graaf et al. 2007) . Although the former study is based on data from just three rams, such findings are corroborated by pregnancy data from a commercial cattle sperm sorting company where thousands of inseminations have been carried out using many different bulls (Sexing Technologies, Navasota, TX, USA). Continued optimisation of sorting and processing techniques has led to commercially viable pregnancy rates following low-dose insemination of sexed, frozen-thawed bull spermatozoa (J. Moreno, pers. comm.). Data collected from the aforementioned commercial herds also demonstrated that pregnancy rates of heifers were similar for sexed and non-sexed frozen-thawed spermatozoa (745/1548, 48.1%; 1261/2525, 49.9%, respectively). A male effect on the fertility of sexed spermatozoa has been observed (Hollinshead et al. 2002) and a detrimental effect of sorting in such cases is exacerbated when low-dose insemination is carried out. As it is probable that this male effect would exist for wild species, the logical insemination dose for initial AI trials would be at least that of the minimum effective dose established for non-sorted spermatozoa to ensure maximum conception rates.
The total number of spermatozoa available for sorting is another highly influential factor in determining the likely widespread success of the technique with wild species. Although bull, ram and boar ejaculates contain several billion spermatozoa, this is untrue for many wild species that have not been selected for high fertility and sperm production. For example, many artiodactyls, such as the gazelles, which are close relatives of cattle, sheep and goats, typically produce ejaculates containing less than 10 9 spermatozoa in total (Holt et al. 1988 (Holt et al. , 1996 . Many other groups of species produce ejaculates containing even lower numbers of spermatozoa. Low sperm numbers combined with poor resolution of X-and Y-bearing populations contribute to a reduced sperm sorting rate; such is the case with the western lowland gorilla where only a maximum of 2.2% of spermatozoa in the processed ejaculate are present in the X-enriched sample. However, whereas sample quality and low efficiency of sorting may prevent the use of samples for intrauterine AI, adequate numbers of gorilla spermatozoa derived from fresh or frozen semen can be sorted within several hours for IVF or intracytoplasmic sperm injection (O'Brien et al. 2005b) . For species where in vitro embryo production and embryo transfer techniques are well established, sorted spermatozoa can be used more efficiently as sperm numbers required for IVF are often at least 100-fold less than those required for AI. Using the domestic cat as a model for endangered felids, in vitro-derived embryos have been produced using semen undergoing chilled transport for 18 h, high purity sex-sorting and freeze-thawing (J. O'Brien and G. Magarey, unpubl. data). Fresh or frozen-thawed epididymal spermatozoa collected post-mortem by gamete rescue can also be sex sorted for potential use in IVF (e.g. O'Brien et al. 2003) . For some species or individuals having poor sperm quality, IVF may be the only means of achieving conception as processes of sperm migration and storage in the female reproductive tract are bypassed. In a recent analysis of the IVF literature up to around the year 2003, Pickard and Holt (2004) found that only a small number of wild species had been bred successfully by the use of IVF and embryo transfer. Intensive and coordinated programmes that focus directly on solving conservation, management and breeding problems for a particular group of species would be most able to benefit from sperm sorting technology. However, achieving a suitable level of reliability in such programmes is still a problem (Swanson 2006) .
It is worth reviewing once again the feasibility of alternative sex selection methods. Many different approaches to this problem have previously been investigated; for example, detailed searches for immunological differentiation and protein differences between X-and Y-bearing spermatozoa have so far been unsuccessful (Ali et al. 1990; Hendriksen 1999) . One reason is likely to be the sharing of proteins and antigens between developing and interconnected spermatids during spermatogenesis. Nevertheless, there are many convincing reports from field biologists that wild species such as red deer have a natural ability to skew the sex ratios of their offspring in response to environmental conditions such as nutritional status and population density (Flint et al. 1997; Kruuk et al. 1999; Gomendio et al. 2006) . In cattle, hypotheses proposing that this could be caused by variations in insemination with respect to ovulation timing and oocyte maturational status have been proposed and largely discredited, mainly because many claims are based on inadequately small datasets and a confounding effect of synchronisation method is apparent (Rorie 1999) . The recent review by Grant and Chamley (2007) has examined this issue again and proposed the interesting hypothesis that these sex ratio skews could be caused by shifts in the hormonal content of follicular fluid, thereby enabling the oocyte investments, especially the zona pellucida, to react differentially with X-and Y-bearing spermatozoa. Although some in vitro findings are not supportive (Zuccotti et al. 2005) , this hypothesis is certainly worth studying for its scientific validity alone, and if supported, would presumably reinforce the view that subtle sex-related differences in sperm surface properties really do exist.
Conclusions and future directions
A recent 'News & Views' article in Nature (Newman and Weissman 2006) emphasised the importance of understanding that average values have a tendency to hide the significance of diversity between cells by remarking that although the typical American family has 2.1 children, the authors hoped that this was not actually true of any individual family. This commentary was describing an article about variation in protein expression between individual human lung cells (Sigal et al. 2006) and the way in which their phenotypic function was affected. The same principles apply to spermatozoa, which acquire their protein complement during spermatogenesis by mechanisms that are subject to the same stochastic processes as the lung cells. This must create variability between spermatozoa as they develop; however, sperm variability must also arise through interclonal differences in gene expression at the level of spermatogonial and spermatocyte differentiation and quality. Aspects of sperm head shape may be correlated with chromosomal structure and the way in which DNA becomes condensed during spermiogenesis (Ostermeier et al. 2001a (Ostermeier et al. , 2001b . Once mammalian spermatozoa leave the testis, they undergo additional development in the epididymis, which produces further modification of their shape, their surface and properties and possibly the topography of their membrane architecture. Thus there is a plethora of sources for the generation of interspermatozoon variation, and it is not surprising that detailed subpopulation analysis is likely to be an important feature of any future semen assessment techniques.
Related to this, and also to the physical separation of X-andYchromosome-bearing spermatozoa, is the possibility that sperm subpopulations can be isolated in various ways, possibly for the preparative enrichment of the most highly fertile spermatozoa. Indeed, during standard sex-sorting, spermatozoa with compromised plasma membranes or acrosomes are separated from the final sorted population (Johnson and Welch 1999) . In primates, normal sperm morphology is also increased (O'Brien et al. 2005b ) and diploid spermatozoa are absent (Vidal et al. 1999) following sex-sorting. Techniques such as passing spermatozoa through columns, density gradients of various types or allowing the most active spermatozoa to swim across phase boundaries, have been used for many years. However, these approaches are now being developed to higher levels of sophistication. Microfluidic chambers are being developed that separate human sperm subpopulations largely on the basis of motility, and produce populations correspondingly enriched for morphologically normal sperm heads (Suh et al. 2003) . These devices, which are made of plastics that are porous to gases including CO 2 , allow small volumes of sperm suspension and culture media to flow in parallel; highly motile spermatozoa can cross the boundary between the two liquids, and are guided to the outlet flow where they can be collected for subsequent use (Fig. 3) . These devices are also currently being used as chambers for carrying out IVF with these selected sperm populations; oocytes are collected and placed within the outlet flow of the device, where they encounter a constant flow of high quality spermatozoa ). An ideal aspect of this system is that the sperm concentration at the site of fertilisation resembles that in the oviduct, thus probably conferring benefits such as a low incidence of free radicals and a reduced likelihood of polyspermy. This approach, although developed mainly for human clinical use, is in fact likely to be useful for the propagation of wild species by IVF if sperm supplies are limited.
Sperm separation techniques such as sex sorting or microfluidic chambers inevitably increase the selection pressure for characteristics such as a robust plasma or acrosomal membrane, normal morphology and velocity of sperm subpopulations. Although this may not matter in the short term, it is worth reflecting that if a main goal of conservation is to allow species to evolve naturally, then perhaps these techniques may represent an unacceptable level of artificial intervention. This argument is countered, however, by pointing out that some species may not survive at all without intervention. From a scientific point of view such interventions may, however, provide an interesting opportunity to study the effect of sperm selection on multiple generations. It is clear from this review that further CASA studies, using appropriate data analysis methods, have great potential to increase our understanding of the effect of these modern reproductive technologies on the role and effects of sperm subpopulation selection. Such advances may ultimately enhance the ability of these technologies to assist in the reproductive and genetic management of wild species.
